Abstract. An experimental demonstration of the state-dependent nature of the forces exerted on an atom by resonant radiation is reported. Sodium atoms, which are contained in a highly collimated beam, are initially prepared in a particular ground hyperfine substate by optical pumping. They are then deflected by resonant laser radiation of known polarization. Measurements of the magnitude of the deflection show a dependence on the way the atoms were initially prepared, confirming the predictions of a recently developed theoretical model. The experimental data show good agreement with calculations of the theory using a full quantum electrodynamic description of the sodium transition involved.
Introduction
The forces exerted by radiation on matter have been widely studied in recent years, particularly in their application to the cooling and trapping of atoms (for a recent review see Sengstock and Ertmer (1996) ). Recently, we have discussed the feasibility of employing optical forces to determine the state of the atom on entering the radiation interaction region (Summy et al 1994) . In particular, it was suggested that the measurement of the deflection of atoms by resonant laser radiation after their excitation by electron collision could be used to determine both the substate populations and the coherences formed between them; that is, both the amplitude and the phase of the scattering parameters could be determined by this method. It should be noted that the experiments of Bederson and co-workers (Jaduszliwer et al 1985 (Jaduszliwer et al , 1986 , in which the momentum transfer from light was used to determine electron-atom collision cross sections in sodium, also used the photon momentum as a means of interrogating the collision processes. The fundamental difference between these experiments and the technique we propose is the ability of our method to measure not only cross sectional information, but also the coherences which are formed between states during a collisional interaction.
Subsequently, a detailed theoretical description of atom deflection by radiation has been presented (Summy et al 1996) which considers the full energy level structure of an atomic transition in the calculation of optical forces. This theory confirms that under certain conditions these forces depend on the quantum state of the atom at the beginning of the interaction with the radiation. Models describing photon deflection by both on-resonance spontaneous emission and off-resonance stimulated emission forces were treated.
In the experiments reported in this letter, the state-dependent nature of the spontaneous emission force is demonstrated. This is achieved by initially preparing the atoms in a single ground state substate by optical pumping with laser light of a particular polarization, then deflecting them with near-resonant radiation. The atom preparation could be changed by employing light of a different polarization and the difference in the subsequent deflection is measured.
Theory
This section gives a brief summary of the theoretical model used to describe the deflection of atoms by the spontaneous emission force. In principle, an atom absorbs a quantum of momentum,hk, from the radiation field, and then re-emits it in any direction by spontaneous emission. Hence there is a net transfer of momentum in the direction of propagation of the incident photon. The expectation value of the optical force exerted on the atom by the field is given by
where ρ is the density operator and H is the Hamiltonian of the system. The magnitude of the deflection of the atomic beam is directly proportional to the momentum imparted by the spontaneous emission force. The momentum can be calculated from the relationship
where t is the time of interaction with the deflecting radiation. Using the results for the spontaneous emission force of a single-mode plane wave (Ungar et al 1989) , the momentum can be expressed as
where eg is the Rabi frequency between the substates |g and |e connected by the optical excitation and the density matrix elements, which represent the optical coherences formed by the radiation between the substates |g and |e , are slowly varying. The density matrix elements are deduced from corresponding atomic operators which are calculated from their Heisenberg equations of motion (Farrell et al 1988) . Incorporating the general form of the solution of the equations of motion, the momentum can be written as (Summy et al 1996) 
Equation (4) describes how the momentum transferred to the atom depends on the initial atomic state, ρ pq (0). The D pq (t) terms contain all of the information relating to the time evolution of the atomic states during the interaction with the deflecting light field. These terms depend on the Rabi frequencies of participating hyperfine transitions, the state lifetimes and the detuning of the radiation from the transition. No approximation of the atomic energy level structure associated with the transition is necessary in this full quantum electrodynamic model. The model also makes allowance for the detuning shift induced by the change of atomic momentum and the diffusion of momentum caused by the spontaneous emission process.
If the deflecting radiation is single mode and its direction of polarization defines the quantization axis for the radiation-atom interaction, then the optical coherence terms of equation (3) depend only on the substate populations of the lower state |g . Under these conditions, equation (4) can be written as
In the experiment described in this letter, the atoms were prepared in a single ground substate, so that equation (5) contains one term only.
Apparatus
The requirements of the apparatus were to produce a highly collimated beam of atoms which could be prepared in a particular state and subsequently be deflected by single-mode radiation. The deflection measurement had to be sensitive enough to distinguish the small differences in momentum transfer to atoms in various states. Sodium was chosen as the atomic species because of the strength of its D2 line and the accessibility of this transition to tunable, CW dye lasers operating with Rhodamine 590 dye. The aim of the experiment was to deflect the atoms with light of a particular circular polarization handedness tuned to the 3 2 S 1/2 (F = 2)-3 2 P 3/2 (F = 3) hyperfine transition following preparation by optical pumping to either the m F = 2 or m F = −2 lower state substates. Because of the Rabi frequencies involved in the participating hyperfine transitions, D 22 (t) and D −2−2 (t) differ in value. It follows from equation (5) that the momentum transferred and hence the magnitude of the atom deflection will be different for each preparation.
The apparatus consisted of three main components, namely a highly collimated sodium atomic beam source, an optical system and a light-atom interaction region capable of both preparing and deflecting the atoms and a detector with which the deflection of the atomic beam could be accurately measured. A schematic of the apparatus is shown in figure 1 . The atomic beam was produced effusively by an oven consisting of a sodium reservoir and a nozzle which were heated separately. External to the oven, a recirculator returned much of the sodium not used in the beam back to the reservoir. The oven assembly was contained in a cylindrical chamber which was evacuated by a 50 l s −1 turbomolecular pump and, when necessary, could be isolated from the remainder of the apparatus by a gate valve. The beam source was able to be operated for extended periods without need for maintenance or replenishment of the sodium in the reservoir. A skimmer collimator with an aperture diameter of 2 mm was placed at the exit of the chamber containing the oven. After travelling a further 0.7 m down a tube, the beam was further defined by a slit-shaped aperture 0.5 mm wide and 3 mm in height. The divergence of the beam in the transverse direction, which coincided with the direction of propagation of the laser beams, was subsequently less than 1 mrad.
The velocity distribution of the atoms in their longitudinal direction was reduced by a pair of chopper discs separated by approximately 0.7 m. The first disc was mounted inside a separate chamber after the gate valve, while the second one was placed in the main chamber following the slit aperture. An opto-switch mounted on each chopper assembly provided information on both the speed and phase of the disc via an examination of the distribution of the slits as they moved passed the switch. The phases of pulses derived from the optoswitches were locked to the phase of a stable reference oscillator so that good velocity selection was achieved. With the addition of a variable delay inserted in the line from the opto-switch of the second chopper, it was possible to set a phase difference between the two wheels of any desired value. These discs achieved a reduction in the velocity spread to v/v = 10%.
The source of the radiation was a Coherent Scientific 899-21, actively stabilized, narrowband dye laser pumped by an Ar + laser. The linearly polarized radiation from the laser was converted to circular polarization by a quarter-wave plate. The laser beam was expanded into a rectangular shape of dimensions approximately 30 cm wide and 50 cm high by two telescopes consisting of cylindrical lenses. Since the geometry of the interaction region was made rectangular by the second collimating slit, the cylindrical optics provided a more efficient use of the power in the laser beam than conventional spherical lenses. A rectangular mask selected the central portion of the laser light. Masks of either 12 mm or 8.5 mm width, were used depending on the interaction time desired. The intensity profile of the resultant beam was checked by translating a power meter with a pinhole input across the beam. There was found to be no intensity variation across the selected portion of the laser beam. As the atoms had a velocity of approximately 1000 m s −1 , these two widths led to interaction times of 12 or 8.5 µs, respectively. The light beam was split into two, one for the preparation of the atoms and the other for their deflection. A half-wave plate could be inserted in the preparation beam so that the handedness of the light could be reversed. In this way, the atoms which had been prepared in a particular hyperfine substate (either m F = 2 or m F = −2) could be deflected by light of polarization which had either the same or opposite handedness to that used for their preparation. The intensity of the deflecting laser beam was varied by using neutral density filters. It was important that the intensity of the preparation beam was kept constant, not only to ensure consistent preparation, but also to maintain a constant atomic beam deflection by the preparation laser. For most of the experimental results reported here, the laser frequency was stabilized by tuning to a saturation absorption profile of the Na D2 line in a vapour cell. The radiation could be very precisely tuned by Zeeman shifting the atomic transition (Varcoe et al 1997) .
A small part of the preparation region was imaged through a quartz viewport to a photomultiplier tube situated below the chamber. The fluorescence photons were detected perpendicular to the plane containing the laser and atom beams. Observation of the fluorescence as the laser frequency was scanned verified the effectiveness of the preparation of the atoms into the m F = 2 or m F = −2 substate by displaying an absence of the transitions to the F = 1 and F = 2 states of the upper level. Measurement of the fluorescence profile for the 3 2 S 1/2 (F = 2)-3 2 P 3/2 (F = 3) transition placed an upper limit of 10 MHz on the residual transverse Doppler width of the atomic beam.
It was important to align the laser beam perpendicular to the atomic beam, otherwise the atoms would experience a detuning of the light which was dependent on their longitudinal velocity. This alignment was achieved by retro-reflecting the laser light after the interaction region so that it could interact with the atoms on both its forward and return passes. Orthogonality between the laser and atomic beams was achieved when both forward and return passes were resonant with the atomic beam at the same laser frequency.
The main chamber in which the preparation and deflection interactions took place was lined with mu-metal and surrounded by three pairs of mutually orthogonal Helmholtz coils. The residual magnetic field in the laser beam-atomic beam interaction regions was less than 10 −8 T as measured by a Hall probe. A hot-wire atom detector was mounted in a small chamber and sited 1.4 m from the deflection region. The detector consisted of a grid, a vertically mounted heated filament and a channel electron multiplier. Neutral atoms were ionized by the 25 µm diameter platinumtungsten filament and then detected by the channeltron. The grid acted as a Faraday cage by screening the ionization region from stray fields. With the application of a positive voltage to the grid, typically of the order of 100 V, more efficient detection of the ions was achieved by forcing them away from the grid and towards the channeltron. A thin vertical slit in front of the grid and opposite the filament was used to define the position of the atoms being detected. The efficiency of the filament was improved by its oxygenation for about 2 mins just before a measurement was taken. To enhance the extraction of the ions, the filament was floated at 800 V and the cone of the channel electron multiplier at −800 V.
The complete detector assembly was mounted on a carriage which travelled smoothly along a rail in the horizontal direction transverse to the atomic beam under the control of a precision linear motion drive and a computer-controlled stepper motor. The step size for the detector was chosen to be 25 µm, so that it was smaller than the atomic deflection of 40 µm at the detector caused by one unit (hk) of momentum transfer to the atom.
Because the atomic beam density was greatly reduced by the choppers, it was necessary to employ a lock-in amplifier to process the channeltron output. The voltage from the opto-switch on the first chopper was used as the reference signal for the amplifier. Data acquisition and storage was performed by the same personal computer that controlled the detector scan.
Experiment
The experiments reported here involved measuring the deflection of the atomic beam due to interaction with a travelling wave laser beam. The atomic beam produced by the oven and collimators had, to a good approximation, a Gaussian transverse beam density profile. If no velocity selection was used, then after interaction with the laser light the atomic beam was not only deflected but was also smeared out due to the Maxwellian distribution of the longitudinal velocity. For this reason, the pair of choppers was always used to reduce the spread of longitudinal velocities. This ensured that the atoms deflected by the laser maintained the transverse Gaussian shape of the undeflected beam. When the laser light was tuned to the 3 2 S 1/2 (F = 2)-3 2 P 3/2 (F = 3) transition, atoms in the non-absorbing 3 2 S 1/2 (F = 1) ground state remained in the original position of the atomic beam. These undeflected atoms accounted for 3 8 of the total population and provided a useful marker for the position of the 3 2 S 1/2 (F = 2) atoms before they were deflected. To determine the peaks of the atomic profiles, a double-Gaussian curve was fitted. Figure 2 shows a typical set of fitted data with the F = 2 atoms being deflected by approximately 3.25 mm. From Measured data of deflection in units of absorbed momentum versus laser intensity for atoms with a thermal ground state distribution. The laser radiation was circularly polarized and tuned to the 3 2 S 1/2 (F = 2)-3 2 P 3/2 (F = 3) transition. The laser-atom interaction time was 12 µs. The full curve represents the theoretical calculation. the fit to this data, it was estimated that the residual transverse Doppler width of the atomic beam was 2 MHz.
For determining a deflection value, a 100-point scan was made and usually four scans were performed. The mean and standard deviation of the deflections deduced from the curve fit provided the data value and statistical error, respectively. Sources of systematic error included variation of laser detuning and the stability of the longitudinal velocity selecting choppers.
Firstly, the deflection of unprepared atoms was measured as a function of laser intensity for circularly polarized radiation. For this experiment, the laser intensity was controlled by setting a linear polarizer to various angles with respect to the direction of polarization of the laser field. A quarter-wave plate was then used to produce circularly polarized light. The variation of the deflection, expressed in units of photon momentum, with laser intensity is shown in figure 3 . The laser was tuned to be initially resonant with the 3 2 S 1/2 (F = 2)-3 2 P 3/2 (F = 3) transition and the duration of the interaction was 12 µs. The full curve represents calculations of the theoretical model for these experimental conditions. There is no normalization of the experimental data to the theory, thus demonstrating very good agreement. Figure 4 compares the deflection by circularly polarized light, at a range of intensities, of atoms prepared by light of the same and opposite handedness into the m F = 2 and m F = −2 substates of the F = 2 ground state. The transfer of momentum to the atoms by the preparation beam resulted in a deflection of approximately 1 mm. The deflections plotted in figure 4 are those due to the deflecting laser field only. The laser was tuned to the maximum in the resonance fluorescence from the atomic beam at the highest intensity employed (0.05 mW mm −2 ). This condition occurred at a detuning of 3.5 MHz above the 3 2 S 1/2 (F = 2)-3 2 P 3/2 (F = 3) saturated absorption line as measured in the reference cell. This tuning condition was kept fixed for the remainder of the measurements in figure 4 . The interaction time between the deflecting laser field and the atoms was 8.5 µs. The experimental data are compared with theoretical calculations using an initial detuning of 3.5 MHz.
It can be seen that preparation by and interaction with light of the same polarization handedness produced greater atom deflections than when the preparation and deflection was carried out by light of opposite handedness. This implies that, from equation (5), D 22 (t) must be greater than D −2−2 (t). That this relationship is the case follows from a consideration of the Rabi frequencies involved in each excitation configuration. Consider that an atom is prepared in the 3 2 S 1/2 (F = 2, m F = 2) hyperfine ground state. If the deflection laser beam is circularly polarized with the same handedness as the preparation beam, in this case σ + , then the atom will be constrained to the hyperfine transition 3 2 S 1/2 (F = 2, m F = 2)-3 2 P 3/2 (F = 3, m F = 3) during interaction with the deflection laser light. The Rabi frequency associated with this transition is the largest in this sodium transition manifold. However, if the handedness of the deflection beam is σ − , then while the atom is interacting with the laser radiation, it will be transversely optically pumped towards the 3 2 S 1/2 (F = 2, m F = −2) substate. The Rabi frequencies associated with the hyperfine transitions included in the pumping process are all smaller than that associated with the Figure 5 presents the results of measurements and calculations of deflections for circularly polarized light as a function of laser detuning at a constant deflecting laser intensity of 0.045 mW mm −2 . Again the measured data and the theory agree well. This figure shows that the differentiation between the two atom preparations remains quite constant for the high-frequency side of the transition. The optimum tuning condition for a difference measurement at this intensity would therefore be at the maximum absolute deflection. This would enable better separation of the deflected F = 2 atoms from the undeflected F = 1 atoms.
Conclusion
The results presented in this letter show that it is possible to differentiate between atoms prepared in the 3 2 S 1/2 (F = 2, m F = ±2) substates of sodium by deflecting them with circularly polarized light tuned to excite the atoms to the 3 2 P 3/2 (F = 3) state. At the same time, a theoretical model has been developed which was able to reproduce the experimental results.
Having successfully demonstrated the technique for atoms prepared in single states, work is currently underway to extend the method to a situation where the atoms are prepared in a non-thermal distribution of substates and coherences. Any method designed to analyse an unknown atomic state must be able to measure populations and coherences. In the first instance, atomic deflection following preparation by polarized laser light is being studied. To increase the sensitivity of the apparatus, a Zeeman slower (Prodan et al 1985) is being incorporated. With its inclusion, the longitudinal velocity of the atoms will be reduced by a factor of about 25, resulting in an increase in deflections of the same order. Furthermore, the velocity distribution will be reduced so that the choppers will no longer be required.
